ABSTRACT We investigated the effect of combined inhibition of oxidative and glycolytic metabolism on L-type Ca 21 channels (LCCs) and Ca 21 spikes in isolated patch-clamped rabbit ventricular myocytes. Metabolic inhibition (MI) reduced LCC open probability, increased null probability, increased first latency, and decreased open time but left conductance unchanged. These results explain the reduction in macroscopic Ca 21 current observed during MI. MI also produced a gradual reduction in action potential duration at 90% repolarization (APD 90 ), a clear decline in spike probability, and an increase in spike latency and variance. These effects are consistent with the changes we observed in LCC activity. MI had no effect on the amplitude or time to peak of Ca 21 spikes until APD 90 reached 10% of control, suggesting preserved sarcoplasmic reticulum Ca 21 stores and ryanodine receptor (RyR) conductance in those couplons that remained functioning. Ca 21 spikes disappeared completely when APD 90 reached ,2% of control, although in two cells, spikes were reactivated in a highly synchronized fashion by very short action potentials. This reactivation is probably due to the increased driving force for Ca 21 entry through a reduced number of LCCs that remain open during early repolarization. The enlarged single channel flux produced by rapid repolarization is apparently sufficient to trigger RyRs whose Ca 21 sensitivity is likely reduced by MI. We suggest that loss of coupling fidelity during MI is explained by loss of LCC activity (possibly mediated by Ca 21 -calmodulin kinase II activity). In addition, the results are consistent with loss of RyR activity, which can be mitigated under conditions likely to enlarge the trigger.
INTRODUCTION
Metabolic stress, a prominent feature of both cardiac ischemia and systolic heart failure, produces dramatic abnormalities in excitation-contraction (EC) coupling that contribute to contractile dysfunction (1, 2) . In voltage-clamped isolated ventricular myocytes, we have demonstrated that combined inhibition of oxidative and glycolytic metabolism with carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and 2-deoxyglucose (2-DG) reduces the amplitude of L-type Ca 21 current (I Ca ), the Ca 21 transient, and EC coupling gain (defined as the ratio of Ca 21 release flux to I Ca ) (2) . The reduction in gain is apparently due to the fractionation of the Ca 21 release pattern and loss of Ca 21 release sites, i.e., couplons (3, 4) despite an intact sarcoplasmic reticulum (SR) Ca 21 load (2). Action potential duration (APD) shortening is another consequence of ischemia, hypoxia, and metabolic inhibition (MI), which is caused by a reduction in I Ca and activation of I KATP , the ATP-sensitive K 1 current (1). Ultimately, action potential (AP) failure results in electrical silence and thus complete contractile failure. It remains unclear whether Ca 21 release fails because of defective triggering by I Ca , defective release of Ca 21 by ryanodine receptors (RyR), or a combination of both. However, in the extreme of electrical silence, failure of the trigger is a sufficient condition for failure of EC coupling.
Macroscopic Ca 21 current, and hence the trigger for Ca 21 release, could fail during MI for a number of reasons. First it is possible that the magnitude of unitary currents through L-type Ca 21 channels (LCCs) is reduced (i.e., the conductance of the channel could decline) during MI, which would reduce coupling fidelity (5) . Other possible changes in LCC characteristics include: a decline in open probability, increases in null probability, changes in the distribution of first latencies, and finally, changes in the distribution of LCC open times. Currently, nothing is known of the behavior of LCCs during MI.
Besides the loss of I Ca , and hence trigger, RyRs themselves are at risk during MI (1, 2, 6) . Changes in pH, increases in Mg 21 , and declines in ATP could all contribute to loss of RyR function and hence, couplon activity. This could occur before the loss of trigger and might to some extent be reversible by enlarged triggers (7).
Here we have, for the first time, studied single LCC activity, as well as couplon activity, during MI in enzymatically isolated adult rabbit ventricular myocytes. The results suggest molecular mechanisms by which MI could interfere with EC coupling. We anticipate that this information may provide a basis for more detailed studies on the molecular basis of the failure of couplons during MI. (8) , and in accordance with the guidelines of the UCLA Office for Protection of Research Subjects. After isolation, we stored cells for up to 6 h at room temperature (21-23°C) in a modified Tyrode's solution, containing (in mmol/L): 136 NaCl, 5.4 KCl, 0.33 NaH 2 PO 4 , 10 HEPES, 1 MgCl 2 , 1.8 CaCl 2 , and 10 glucose, pH 7.4, with NaOH. We also used this solution for loading cells with fluo-3 AM (Molecular Probes/Invitrogen, Eugene, OR) as described below.
MATERIALS AND METHODS

Preparation of isolated myocytes
Single Ca 21 channel recordings
To record single Ca 21 channel activity, we used the cell-attached patch technique with a patch amplifier (Axopatch 200B; Molecular Devices, Sunnyvale, CA) and a data acquisition system (Digidata 1322A; Molecular Devices) controlled by software (pClamp9; Molecular Devices). We used a 10 kHz sampling rate and filtered at 2 kHz using a À3 db, four-pole Bessel filter. . Glibenclamide was included to prevent activation of the metabolically sensitive I KATP during application of the metabolic inhibitors. The control bath solution contained (in mmol/L): K-Aspartate 110, KCl 30, HEPES 10 mM, Glucose 10 mM, pH 7.4. We analyzed single channel records using commercial software (Clampfit 9.2; Molecular Devices).
Action potential recordings
To record the AP in isolated myocytes during simultaneous imaging of intracellular Ca 21 , we used the current-clamp mode of the whole cell patchclamp technique. We stimulated APs with 5 ms square-wave pulses using a patch amplifier (Axopatch 200A; Molecular Devices) and a data acquisition system (Digidata 1200; Molecular Devices) controlled by software (pClamp8; Molecular Devices). Patch electrodes had a tip diameter of 2-3 mM, and a resistance of 1-3 MV when filled with internal solution containing (in mmol/L): 110 KCl, 20 HEPES, 10 NaCl, 5 Na-pyruvate, 5 MgCl 2 , 2 EGTA, 1 CaCl 2 , 1 KH 2 PO 4 , 1 KADP, 0.05 cAMP, and 1 Fluo-3, pH 7.2 with KOH. Pyruvate, KH 2 PO 4 , MgCl 2 , and KADP were included as metabolic substrates for oxidative phosphorylation and ATP generation, and have been shown to delay metabolic rundown of the myocyte as effectively as ATP (9) . The bath solution was the modified Tyrode's described above and extracellular glucose was the substrate for glycolysis. We added FCCP (50 nmol/L) to the bath and replaced glucose with 2-DG (10 mmol/L) to achieve MI as described previously (2) .
Live imaging confocal microscopy
We prelabeled myocytes for Ca 21 imaging by incubating them for 30 min at 22°C in Tyrode's containing the Ca 21 indicator fluo-3/AM (30 mmol/L) and 0.007% Pluronic. Incubation was followed by two 20 min washes in dye-free Tyrode's. In addition, the patch pipette solution included fluo-3 salt and EGTA/Ca 21 as described above to optimize Ca 21 spike imaging (10) . We find that a combination of fluo-3/AM together with fluo-3 salt in the pipette provides superior image quality during high speed line scanning. The concentrations of fluo-3, EGTA, and CaCl 2 in the patch electrode solution were chosen to limit the diffusion distance of free Ca 21 
Image analysis
We identified and characterized Ca 21 spikes using custom software programmed in IDL 6.1 (RSI, Boulder, CO) and based on a popular algorithm (12) . Spike probability was determined by dividing the number of spikes elicited at any given time point by the number of activated spikes in the same cell under control conditions. This method assumes a control spike probability of 100% in rabbit (10) . We defined spike latency as the time interval between the AP stimulus and the earliest point where fluorescence reached 10% above the average resting value. To account for the rising diastolic Ca 21 concentration during MI in our ratioed images, we employed the following expression to correct the fluorescence ratio (F/F 0 corrected ):
Here, (F/F 0 ) is the fluorescence of each pixel in an image ratioed against its resting value before depolarization. (F 0 MI /F 0 Control ) is the spatially averaged resting fluorescence during MI ratioed against the resting fluorescence during control. The latter term serves as a correction factor for the rising resting Ca 21 during MI. We calculated spike amplitude by subtracting the resting F/F 0 corrected from the peak F/F 0 corrected .
Statistical analysis
All values are presented as mean 6 SE. Error bars in figures depict mean 6 SE and are shown when larger than symbols. We used paired Student's t-test or ANOVA with Dunnett's test for multiple comparisons when assessing statistical significance (JMP 5.0.1a, SAS Institute, Cary, NC). To test statistical significance of single Ca 21 channel open-time distribution, we used a resampling or bootstrap approach (13) . A P value ,0.05 was considered statistically significant.
Reagents
All reagents were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise specified in the text.
RESULTS
Effect of metabolic inhibition on single LCC properties
We know from our prior work that I Ca declines during MI (1, 2) . It is therefore reasonable to hypothesize that unless the conductance of LCCs declines, there must be a change in other single channel properties. These include open probability (P o ), null probability (P Null , the chance that an opening will not occur over a specified interval), latency, and opentime distribution. Each of these will influence the number of LCCs in a couplon that can trigger Ca 21 release during MI. To examine this hypothesis, we measured single LCC activity in cell-attached patches with repetitive 100-ms clamp pulses from À50 to 110 mV, using Ba 21 as the charge carrier.
Under control conditions, LCC openings were frequent, and first openings occurred shortly after depolarization (Fig.  1) To examine this question directly, we plotted histograms of P o for bin widths of 2 ms as a function of time over the course of the 100-ms clamp depolarization (Fig. 2 A) . The histograms show that MI significantly reduces P o at all times during the clamp, and this reduction is more pronounced as MI proceeds. Likewise, P Null , the probability of no openings occurring during the first 50 ms of the voltage clamp, increases significantly during MI (Fig. 2 B) . We chose the 50-ms value because we observed Ca 21 spike latencies this long during our imaging experiments (see below). Since the spike latencies at 150 mV (i.e., near the peak of the action potential) were as long as 50 ms, the value of P Null we have chosen for 110 mV is probably conservative. The increase in P Null is consistent with the reduction in P o since the chance of a channel opening during any interval has declined. This suggests that fewer channels are available to trigger a release event within a specified time during MI.
If the first latency of LCCs were significantly increased, this would have the effect of increasing P Null and reducing the number of functioning channels during the interval when triggering occurs. We therefore examined the latency distribution of Ca 21 channels under control conditions and again after MI. Under control conditions, channel opening displayed a modal first-latency distribution (Fig. 3 A) typical of L-type Ca 21 current. Since we saw no evidence of amplitude multiples we assumed this distribution was based on single channel openings. Cavalie et al. (14) have pointed out that the distinct rising phase in the first latency distribution indicates a more complex reaction scheme than a simple first-order transition from a closed to an open state. This complexity is maintained during MI. All latency distributions can be described by an equation of the form Y ¼ A 1 exp(Àt/t 1 ) 1 A 2 exp(Àt/t 2 ). This equation was plotted in a normalized form, which clearly displays the modal nature of the first-latency distribution and reveals that the decay of this distribution is prolonged with progressive MI (Fig. 3 B) . Thus with progressive MI, channel openings are less frequent while both the rising phase and the exponential decay phase are slowed. Longer latencies, for example, .40 ms, are relatively more frequent in channels treated with metabolic inhibitors. To summarize, MI has the effect of significantly increasing first latency and will therefore delay the activation of I Ca .
Open time distributions
After establishing that LCC openings are less frequent and delayed in onset during MI, we investigated the effect of MI on the distribution of LCC open times. These were plotted as open-time frequency histograms and were well fit by monoexponential decays before and during MI (Fig. 4, A and B) . Traditionally, two histograms are compared using statistics such as x 2 or Kolmogorov-Smirnov. These tests, however, have a number of drawbacks. First, the x 2 test is an approximation to an approximation, derived by Sir Ronald Fisher to make hand calculation easier (15) . Second, there are many distributional assumptions underlying the derivation of the x 2 formula, which may well not be satisfied by our distributions. Third, we are comparing histograms with a large number of elements (the control condition) to histograms with much smaller numbers (during MI). This creates problems for the application of both methods. Fourth, we specifically wanted information on where the two histograms differed. But both x 2 and Kolmogorov-Smirnov analyses are designed to answer the simpler question, whether two distributions differ overall, and do not provide information on where they differ.
To address these concerns we used a resampling or bootstrap approach (13), which does not have these drawbacks. We designed the approach to test whether there is a statistically significant loss of longer open times during MI compared to shorter open times. We used the control data as our box model and then sampled from that box the same number of observations as were made during MI. This sample was binned using the same bins as the control and MI histograms and the histograms were then stored. This procedure was repeated 5000 times for each case. Then, for each bin, a 95% confidence interval was calculated around the actual counts in the control condition. If the bin count observed in the experimental condition lies above (or below) the 95% confidence band anywhere, we can say that the experimentally observed bin statistically has too many (or too few) entries compared to control. Thus, MI reduces P o and open-time, increases P Null , and delays channel activation. These effects have predictable consequences for couplon activity, including a reduction in triggering, increased latency of triggering, and a resulting reduction and slowing of the Ca 21 transient during MI.
Effect of early metabolic inhibition on action potentials and evoked calcium spikes
Using ultra-rapid line scan confocal microscopy, we recorded Ca 21 spikes and spatially averaged Ca 21 release flux transients (fluo-3 fluorescence) evoked by APs under control conditions and at 1-min intervals after application of the metabolic inhibitors FCCP and 2-DG. Control APs display a rapid upstroke and early rapid transient repolarization, followed by a plateau and slow repolarization typical of rabbit (Fig. 5) . Spatially averaged Ca 21 release flux transients rise rapidly with a short time to peak and a steady decay.
During MI, AP duration shortens, though the extent and time course vary from cell to cell. Since changes in AP duration at 90% repolarization (APD 90 ) during MI reflect activation of the metabolically sensitive K 1 current I KATP (16), we used APD 90 as an index of the extent of MI in each cell. We can clearly discern shortening of the APD 90 to ;75% of control after only 1 min of MI in the example displayed in Fig. 5 . Shortening of the APD 90 in response to MI has been described previously and is consistent with reduction of I Ca and activation of I KATP (1). After 6 min, the APD 90 has declined to 50% of control. AP shortening at 6 min is associated with a decline in both the upstroke velocity and amplitude of the spatially averaged Ca 21 release flux transient, as we have described previously. Close examination of the images at 6 min in Figs. 5 and 6 shows a clear reduction in spike probability. We have shown previously that reduction in the number of active Ca 21 amplitude, and TTP relative to the reduction in APD 90 during MI are summarized in Fig. 7 (n ¼ 21 cells and 420 couplons).
We also observe an increase in diastolic Ca 21 during MI (Fig. 5, summarized in Fig. 7) , as described by others (18, 19) . This is caused by inhibition of mechanisms that extrude or take up Ca 21 from the cytosol (20) . However, this does not necessarily lead to a reduction in SR Ca 21 content because the number of spikes, and therefore couplons, that are activated declines. Thus the extent of triggered Ca 21 release is also less. We and others have repeatedly shown that SR Ca 21 stores remain intact during MI (1,2,6,21).
Spike latencies during metabolic inhibition
The ultra-rapid line-scan technique affords us with a unique opportunity to examine the kinetic properties of Ca 21 spikes. Under control conditions, Ca 21 spikes exhibit short latencies (Fig. 6 ) and their activation is highly synchronized, i.e., the latency variance is small (see control histogram in Fig. 8 ). This occurs because the presence of numerous LCCs in a couplon increases the chance that at least one LCC will open with a short first latency, thereby triggering a spike with a short latency (5).
After 6 min of MI (when the APD 90 is roughly 50% of control and spike release probability is reduced to ;70% of control), there is an increase in average spike latency (see, for example, the 6-min panel in Fig. 6 ) from 9.4 6 0.5 to 15.0 6 2.0 ms (n ¼ 21 cells). Spike latency variance also increases as FIGURE 6 First 50 ms of action potentials (APs, top row) and corresponding normalized high-speed (0.55 ms/line) linescan images (F/F 0 , bottom row) under control conditions and at 6, 7, and 9 min during MI in a representative rabbit myocyte. Timescales are matched to highlight the latency and frequency of spike onset after the upstroke of the AP. Dashed lines in the linescan images correspond to the AP stimulus. Note that spike occurrence is reduced and latency increased by 6 min and is even more pronounced at 7 min. In this example, the shorter AP at 9 min restores spike frequency to control levels and activates spikes with short latency and high synchrony (low variance). A stimulus artifact could not be separated from the upstroke of the AP.
MI progresses, as shown in the histograms plotted in Fig. 8 . Under control conditions, spike latencies are short and have a narrow distribution. The latest spikes occur 25 ms after the upstroke of the AP. When MI reduces the AP to 50% of control, latencies are distributed much more widely (see Fig.  8 , 50%), with some spikes occurring as late as 40-50 ms after the upstroke of the AP when the membrane is still depolarized (close to 140 mV). This loss of synchronous spike onset is consistent with our observations on the effect of MI on LCC activity, in particular the increase in LCC latency and P Null (taken at 50 ms as noted earlier) and the decline in LCC P o .
Effect of more severe AP shortening (APD 90 
10-25% of control)
Continued shortening of the APD 90 to the 10-25% range during MI is associated with a further decline in spike probability (Fig. 7) , which is not surprising considering that LCCs become inactive and are effectively lost with prolonged MI. But in contrast to the more modest reductions in AP duration described above, these much shorter APs (10-25% of control) are associated with reduced spike latency and variance. This finding is summarized in Fig. 8 ; the histograms at 25% and 10% of control APD 90 show that the latency dispersion is reduced considerably when compared to less severe AP shortening. When the APD 90 has declined to 10% of its control value, the distribution of spike latencies comes to resemble the control distribution, although it is less dispersed (Fig. 8) . We also find that spike amplitude and TTP, previously unaffected by MI, have declined at this point. Since spike amplitude is a measure of Ca 21 flux through RyRs, and TTP of spikes a measure of RyR kinetics, these data suggest that inhibition of RyR activity begins during this late stage of MI.
In some cases during MI, almost all spikes are completely lost at APD 90 25%. However, in two interesting cases, further reduction of the APD resulted in restoration of Ca 21 spike activity (compare Fig. 6 , at 7 min, where spikes are rare and at 9 min, where spikes recover; note that these two cells are included in the data presented in Figs. 7 and 8) . We do not know why only two cells recovered in this fashion, as we were unable to identify any specific differences between these and other cells that did not exhibit recovery. They appear to be rare instances of cells that reside close to the threshold for inhibition. However, we note that the short AP at 9 min in Fig. 6 has a very rapid rate of repolarization and that the onset of recovered spikes begins when the membrane potential crosses 0 mV as it is repolarizing. This suggests that an enlarged trigger, i.e., an early repolarization, is very likely contributing to the activation of spikes. Both Zahradnikova et al. (22) and Sah et al. (23) have shown that this pattern of membrane depolarization followed closely by repolarization is associated with increased EC coupling gain. This is in contrast to spikes evoked at earlier times during MI, which do not seem to be associated with significant membrane repolarization. Thus, although MI may have reduced the number of functioning LCCs and their open time, their ability to trigger has increased. As the APD 90 becomes extremely short (,2%), spikes are always abolished (Fig. 7) , presumably because LCC activity is virtually abolished. Two conclusions seem possible here. First, despite prolonged MI there are instances when RyRs can still be activated. Presumably an enlarged trigger can overcome inhibitory effects of MI on RyRs (1). The second conclusion is that, in those cases where short APs reactivate spikes despite prolonged MI, there must remain a significant number of functioning LCCs because triggering is clearly restored (see Discussion for an estimate of the number).
DISCUSSION
Metabolic inhibitors reduce the activity of both LCCs and RyRs (1,2,6 ). Thus, we expect any loss of Ca 21 spikes and reduction in the Ca 21 transient during MI to proceed from these. However, the extent to which spikes fail as a result of one cause versus the other is unknown. Both LCC and spike characteristics such as probability, latency, and variance can provide valuable insight into the mechanism of EC coupling failure during MI, as well as fundamental insight into couplon structure.
Effects of metabolic inhibition on LCCs
MI reduces I Ca in patch-clamped guinea pig (1) and rat ventricular myocytes (2) . This study is, to our knowledge, the first to demonstrate the single channel basis for this decrease in I Ca and the resultant effects on Ca 21 spike activation during MI. I Ca could fail during MI either because the magnitude of the unitary current declines or because some process associated with the activation of I Ca is impaired so that channel openings are less frequent or of shorter duration. Our results suggest that channel conductance is not affected by MI. Thus spike failure is not a consequence of trigger failure caused by the decline in the magnitude of unitary currents. For this reason we analyzed various parameters associated with LCC activation.
The first latency of LCCs showed a striking prolongation during MI (Fig. 3) . Thus one can see that after 4 min of MI the frequency of first latencies at 4 ms (peak value of control) fell to ;10% of control. If we assume a similar relative change in first latency at 150 mV when Ca 21 is the charge carrier, it is apparent that part of the explanation for the increase in Ca 21 spike latency would simply be a reduction in the chance that a spike will be triggered by an LCC within the first few milliseconds of membrane depolarization (24) . The decline in P o and the increase in P Null with MI are also expected to reduce I Ca as well as the chance that spikes will be triggered. Finally, reduced open times are expected to reduce spike probability simply because the likelihood that a spike is triggered will depend on the integral of Ca 21 flux through a channel opening (25) . This flux is reduced when the open time is reduced.
We cannot exclude the possibility that increases in cytoplasmic Ca 21 during MI (e.g., Fig. 5 ) may be inactivating LCCs. Reductions in pH (26) or changes in phosphorylation state could also have considerable influence on LCC activation during MI. A large increase in proton concentration is a well-known consequence of sodium-hydrogen exchange blockade, which is caused by ischemia and hypoxia (27, 28) . However, since we do not know the extent of acidification under our experimental conditions, further speculation is unwarranted. Some of the effects of MI on LCCs are consistent with the known effects of CaMKII on these channels (29, 30 ). It appears that CaMKII colocalizes at dyads (31) . If the CaMKII that is responsible for phosphorylating LCCs is associated with a glycolytic complex, as it is in the SR (32), we speculate that substances such as 2-DG, which block glycolytic production of ATP, would reduce CaMKII phosphorylation of LCCs. Thus, we consider the inference that MI might exert some, if not all, of its effects on LCCs via CaMKII to be reasonable.
Our single channel results were obtained in 110 mmol/L Ba 21 at 110 mV. Charge screening at this high concentration of Ba 21 would be expected to shift the voltage-dependence of the channels by ;À30 mV (33) . Therefore, the results obtained at a test potential of 110 mV should correspond to ;À20 mV at a physiological concentration of divalent ions. We see no a priori reason for assuming that at least qualitatively the effect of MI on LCC activation when the channels conduct Ba 21 would be significantly different from its effect on these channels when they conduct Ca 21 .
Effects of metabolic inhibition on spike probability and latency
As mentioned in the previous section, several effects of MI on spikes can be explained by changes in the characteristics of the LCCs that trigger them. The increase in LCC latency and the decline in LCC open probability are sufficient to account for the increase in spike latency and the decline in spike probability that are apparent when the APD 90 reaches 50% of control (Figs. 7 and 8 ). This is compounded by the increase in LCC null probability, which means that in effect functioning LCCs cease to exist. With fewer active LCCs, the chances of a channel opening with a short latency decrease. Finally, because LCC open times shorten during MI, those open times which are already short may cease to transmit enough calcium to trigger spikes, regardless of whether the RyR function is deficient or not. It is worth emphasizing that until the AP becomes short (,50%), the effect of MI on spikes qualitatively reflects the effect of MI on first latency of LCCs. However, as we shall discuss in a moment, this simple relationship is confounded when the AP becomes shorter. The decrease in spike latency that occurs during the continued decline in spike probability has a slightly more complicated explanation. Zahradnikova et al. (22) have shown that short depolarization followed by repolarization (and we consider short APs to be similar to the short depolarizations they described) can increase the gain of EC coupling. We propose that when APs become short during MI, they repolarize during very short LCC openings that cannot normally trigger. However, since repolarization takes place when LCCs are still open (e.g., Fig. 6 ; 9 min), a larger amount of calcium is transmitted through them because Ca 21 is subject to a greater inward electrochemical potential when the cell has repolarized. Thus LCCs again become capable of triggering, i.e., the system acquires the high gain suggested by Zahradnikova et al. (22) . Deactivation of any open channels will occur when the short AP repolarizes, imposing a reduced latency on the population of remaining available channels. Thus triggered spikes during short APs will have a reduced probability, and a short latency.
Thus, we can explain the loss of spikes during MI without requiring compromised RyR activity. On the other hand, if RyR activity is deficient, the increased flux due to early repolarization could overcome their inhibition. Interestingly, Xu et al. (7) found that increased Ca 21 can gate RyRs suppressed by reduced pH. It is only after very prolonged MI that adverse effects on RyRs become apparent, and we shall discuss this in the next section.
Effect of metabolic inhibition on spike amplitude and the inhibition of RyRs
Arguments in the preceding sections suggest that the effects of MI on LCCs are sufficient to explain the changes that occur in spike characteristics until the advanced stages of MI when the APD 90 becomes very short, e.g., 10% or less. At that advanced stage of MI, spike amplitude and TTP have clearly declined. It is well known that RyRs are sensitive to metabolic stress (1, 2, 6) . Whether this is simply a consequence of reduced cellular ATP levels, increased ADP levels, reductions in pH, altered NADH levels, or increases in free Mg 21 is unknown, but all of these may contribute to RyR suppression (6, 7, (34) (35) (36) (37) (38) . We estimate that FCCP and 2-DG reduced ATP in our cells to ;100-300 mmol/L, well above the concentration (10-50 mmol/L) associated with cellular rigor (39) , but sufficiently low in the presence of ADP to activate I KATP and shorten the AP (16). We do not think there are major changes in pH and Mg 21 , which if present would confound interpretation of results. Reductions in pH are probably limited by the buffering capacity of the patch electrode solution and lack of diffusion barriers in a single cell (1 21 is sufficiently low that it does not greatly affect the initial release flux. If MI were to significantly affect RyRs we might expect it to reduce either RyR P o or P RYR . At least in the case of LCCs, their conductance does not appear to be affected by MI and we assume that the same holds true for RyRs. If P o were to decline with MI we would expect a progressive decline in J RyR and hence a decline in spike amplitude, unless there was a simultaneous increase in luminal Ca 21 , which does not appear to be the case (1,2); however, see Overend et al. (6) . Thus we would expect to see a decline in spike amplitude with progressive MI if P o were affected. We cannot demonstrate a statistically significant decline in spike amplitude until APD 90 reaches 10% of control (Fig. 7) , consistent with a reduction in the open probability for RyRs. The abbreviated TTP at 10% APD is consistent with this reduction in spike amplitude. However, the decline in amplitude, while statistically significant, appears to be small and we suggest that the main effect of MI on spike properties is attributable to its effect on LCCs discussed earlier. It is also likely that in cases where spikes reappear after prolonged MI and the AP is extremely short, the increased flux of Ca 21 through LCCs should to some extent overcome any inhibitory effect of MI on RyRs. Thus increased flux of Ca 21 through LCCs could mask the effect of MI on RyRs. Unfortunately, we cannot unambiguously separate the effects of MI on LCCs and RyRs.
Implications for couplon structure and function
Clusters of LCCs trigger Ca 21 sparks and spikes (10, 11) . Couplons containing large clusters of LCCs (large couplons) are associated with high spike probability and short spike latency (5) . This is simply because the larger the cluster, the greater the chances of an LCC opening with both a short first latency and also an adequate open time to trigger a spike. Smaller clusters (associated with smaller couplons) are more likely to be associated with lower spike probability and longer spike latencies. Although the exact mechanism for reduction in LCC open probability during MI is uncertain, the net effect is to reduce the number of functional LCCs in a couplon. If we assume that couplon sizes are distributed homogeneously, MI will reduce the average size of a couplon (by reducing the number of functioning LCCs in each couplon). Small couplons may be completely lost while large couplons will become smaller. This will have the net effect of both reducing spike probability and also increasing spike latency (because the chances of finding an LCC opening with a short latency are diminished). In addition, the variance of spike latencies increases with MI and therefore spikes become less synchronized. The increase in variance can be explained as follows: if we make the simplifying assumption that spike latencies are distributed according to a simple exponential decay, then the variance of the latencies will be equal to the mean of the distribution, which will also equal t, the time constant of decay. If, as it appears in Fig. 8 , t increases during MI, then spike variance will also increase. We should also make it clear that an increase in t, and therefore spike variance, could proceed either from a loss of triggering LCCs or alternatively a change in LCC latency distribution without necessarily losing triggering LCCs. As we have already indicated, when the AP becomes very short, factors that reduce t begin to affect the variance of spikes, which become more synchronized.
Even though the number of LCCs that function may be reduced by MI, the fact that very short APs trigger with high fidelity suggests that the number of LCCs in a couplon could be large. So far as we are aware, this effect of MI has not been described before. If we assume that there is a significant flux of Ca 21 through first openings of available LCCs, we can use the equation P S ¼ 1À(P Null ) N , where P S is the spike probability, to approximate N, the number of available channels in a couplon (10). 1-P Null is quite simply the chance that at least one LCC will open if there is one channel available to open. If there are N channels in the couplon, then 1À(P Null ) N is the chance that there will be at least one opening, although there could be many channels available to open. With the simplifying assumption that the first opening triggers, we now make a quantitative speculation designed to illustrate that the number of LCCs in a couplon could in fact be quite large. If after 9 min of MI spikes reappear at a P S of 0.8 (consistent with our data in Fig. 6 ) and P Null is 0.95 (consistent with our data in Fig. 2 ), then we can calculate that N ¼ 32. The assumption that a first opening can trigger is made plausible by the fact that during very short APs, Ca 21 flux through LCCs will be increased because of the increased driving force during rapid repolarization. Although we have stated that P Null could be 0.95, this is based on measurements in Ba 21 at 110 mV. Under the physiological circumstances of this experiment, when spikes are restored, P Null might actually be different and if it were lower, would reduce our estimate of N, particularly if our assumption that the first opening triggers is not correct.
In conclusion, to explain the effects of MI on spike genesis in rabbit ventricular cells, it is necessary to postulate that although a single LCC may trigger a spike, (and quite possibly the first opening of an LCC may trigger a spike) there are very likely to be clusters of LCCs in a couplon. If only one LCC triggered, we would not regard the remaining LCCs in a cluster as redundant since they ensure an increased probability of spike triggering (10) . One might be inclined to think that all these results could be explained if there are not clusters of LCCs and a single LCC is responsible for triggering a spike. Increases in the latency of a couplon composed of a single LCC with MI would certainly prolong spike latency and increase its variance. However, it is extremely difficult to see how spikes with short latencies could be restored by short APs if this were the case.
